Remote sensing analysis is an efficient tool for updating geological maps. The regional scale map obtained in this project from compilation of the pre-existing maps and of a number of space images is somewhat more complete. It takes into account the usual field and laboratory parameters of the rock units, through the previous geologic maps, together with remote sensing parameters such as spectral signatures, textures, roughness, morphology that are observed from optical, microwave and DEM imagery. With more rock characteristics, the old maps are obligatory improved. The Cenozoic faulting in the Al Hamra al Hamadah plateau is largely influenced by the tectonics affecting the Paleozoic oil bearing structures that are hidden by the late Cretaceous-Paleocene layers. The tectonic style is that of reactivation of the Paleozoic faults under effects of the NNE-trending regional tension. Then the faults on the surface of the plateau would indicate location of the hidden Paleozoic faults in depth. A flat plateau, in the arid environment, appears to be a very favorable environment for mapping of gentle folds, faults and tectonic sinkholes. Remote sensing is a fruitful approach in this case study. The gentle anticlines for instance are undetectable in the field, but computer assisted shadowing with a low elevation angle of illumination is the key processing for evidencing these features. Problems of drillings in the area are well known for example to Waha, AGOCO and PB Companies during their exploration activities in the concessions in Ghadames Basin. According to them several incidents of losing drilling Pits have occurred and drilling came into a hole. Because this paper is aimed to know the exact location of sinkholes in the 
Introduction
The study area comprises different zones ( Figure 1 529 International Journal of Geosciences only for location but also in giving a more regional and integrated view of the whole sequence and therefore increasing the understanding of the subsurface equivalent sections. Lineament analysis using all the enhanced remote sensing images has been particularly valuable in determining regional and local patterns that reveal some of the battle deformation history of an area. Now the satellite data and maps are included into Geographic Information Systems (GIS) where they are geo-coded or at least georeferenced. From the beginning these techniques have been increasingly applied to the exploration process of oil and gas. The information provided by satellite remote sensing and stored in the frame of GISs is huge, and it is now necessary to combine this information with detailed subsurface geology, seismic and other geophysical tools to develop drillable prospect models.
Maybe the methodology has not yet been sufficiently adapted to oil and gas exploration, and the satellite remote sensing imagery alone is insufficient if not correlated with other data and completed with the most recent knowledge and understandings of the various other related earth science disciplines, including fieldwork.
One of the main objectives is to extract the relationship between the deep structural already known of Gazeil-Kabir and Al Hamra oil and gas fields, and to confirm or trust the surface expression of the subsurface structures. A detailed analysis of the Earth Observation Data (EOD) was also undertaken in order to better understand the outcrops of the Paleozoic in the region, with a view to using them as direct analogues in order to assist in the interpretation of the equivalent horizons in the subsurface.
Geological Setting of Al Hamadah Al Hamra Plateau
By the beginning of the Paleozoic Era, large parts of Libya had been peneplaned as evidenced by Pre-Cambrian rocks wherever exposed. This long period of erosion was general throughout North Africa from the Atlantic Ocean to Red Sea. Paleozoic rocks ranging in age from Cambrian to Permian are exposed in many parts of southern Libya. In south Libya the Paleozoic section grades eastwards from marine to mixed marine-continental facies and finally into a facies that is predominantly continental, so that the south Libya the Paleozoic rocks are mostly continental complexes. A number of transgressive and regressive cycles occurred during the Phanerozoic. Marine incursions during the Ordovician, Silurian, Devonian, Carboniferous, Late Cretaceous and Tertiary reached far south into Libya [1] . Thus, the sedimentary section is dominated by marine shales, carbonates and evaporites in the northern parts of the country and it becomes increasingly clastic southwards (in the Murzuk and Kufrah Basins), with an increasing frequency of stratigraphic hiatuses [2] .
The Ghadamis Basin contains Infra-Cambrian which is assumed to represent rocks of Late Proterozoic age, Palaeozoic and Mesozoic sediments that non-conformably overly an igneous and metamorphic basement complex. The cover sediments range in age from Infra-Cambrian to Late Cretaceous and are [3] . In the basin, several cycles of sea-level fluctuations have been described that correspond to tectonic episodes and significant climate changes, particularly during the Palaeozoic [4] . Hydrocarbons in the Ghadamis Basin are produced from several Palaeozoic horizons (Table 1 ). The main producing horizons are the Silurian (Acacus Formation) in the north and central parts, and the Devonian (Tadrart Formation) in the southern and central parts, with combination traps in the southern and northern parts of the basin, structural traps in the central part, and minor stratigraphic traps in the western part of the basin [5] . The source rocks are mainly Silurian shales, with Devonian shales. The Silurian-Devonian sequences are important both as reservoirs and source rocks.
Al Qarqaf Arch, which separates the Ghadamis and Murzuk Basins, represents an interesting problem in the structural and stratigraphic evolution of North African Basins. The Arch was periodically a high in Early Paleozoic times, and remained as a discontinuous positive feature. The stratigraphy and structural setting are quite varied on both sides of Al Qarqaf Arch. The Lower Carboniferous (Mrar Formation) is the only Formation from the Carboniferous sequence that will be dealt with due to its importance as a reservoir in some parts of the Ghadamis Basin (Table 1) . Data made have been integrated into this analysis. A detailed description of the geology of the whole Paleozoic system is not within the scope of this study. 
Image Characteristics of the Units
The objective of the surface condition map is to provide a preliminary evaluation of the surface conditions in view of the preparation of the field operations. The most common surface expressions were defined on the surface condition map: sand dune (1 & 1 + 6), Sabkha (9), escarpment (3), rock types (4, 5, 7 & 8) and the drainage (6 & 1 + 6), especially its density, is important part of the surface conditions ( Figure 2 ). Most of the central basin is a flat plateau and there is no rough terrain, except for some areas that were affected by trends of disturbed topography (e.g. Gzeil area, Wadi Tahara trend). The red colour, which covers the plateau, is related to the erosion of carbonates of Upper Cretaceous or Lower Paleocene age. The terrain conditions of the northern and southern borders are characterized by the main escarpments of Nafusah uplift in the north and Al Qarqaf arch in the south (Figure 3) . West of the Hamadah Al Hamra several successive escarpments 
Update the Ancient Geological Map
New geological map: Our new geological map is presented in (Figure 4 ), comparing with the differences of the ancient map ( Figure 5 ).
Tectonic Analysis

Evidencing Anticlines
The Al Hamadah al Hamra plateau is flat ( Figure 1 
Fold Closures of Layer Traces
Anticline A1 (El Gziel anticline) is already known (Figure 7 ). It is well exposed 
Maestrichtian Outcrops
Inside the large flat surface in the heart of the plateau occupied by Paleocene rocks, we have also mapped isolated outcrops of Maestrichtian rocks (A10, A16, 
Folded Topographic Surfaces
In places A3 to A10 in ( Figure 10 ) the topographic surface is folded forming elongate discrete hills that correspond to anticlines in conform morphology. This is shown by SRTM shaded DEMs computed with a small (10˚) angle of illumination from the NW. This peculiar possibility of observation is due to recent availability of precise DEMs and of software permitting artificial illumination from any direction, especially almost horizontal elevation.
The axes of anticlines are not straight, spanning from NE-SW to E-W. The 
Topographic Cross-Section
A topographic cross-section ( Figure 
Hydrologic Network Anomalies
Data
The hydrologic network ( Figure 13 ) is given by a database, which we have completed in places from the analysis of Landsat imagery. The 1 st Stahler order segments are generally not represented. Most of the plateau surface is an immature, multi-basinal to karstic network including sinkholes [7] . The drainage basins in the north and east belong to the Mediterranean basin, while the systems in the south end into local sebkahs. All along the eastern border of the study area, the system is contorted, related to drainage linear anomalies. In the south-eastern corner, the pattern is centrifugal, due to the volcanic Jabal Al Harouj massif. In the south-western corner the system is parallel to contorted. Analysis of drainage system follows the method of [8] . This drainage system shows different types of drainage anomalies. . Drainage system shows different types of drainage anomalies. All along the eastern border of the study area, the system is contorted, related to drainage linear anomalies. According to the shaded DEMs, anticlines A7, A8, A9 and A12 are asymmetrical, their southern side steeper than the northern one.
Types of Drainage Anomalies
1) Incised valleys
Incised valleys; in the area A2, valleys are deeper than in most places of the flat plateau. This pattern argues for the presence of anticline A2 ( Figure 11 ). This incision of valleys might be due to quite recent local uplifts of parts of the plateau, inducing deeper river erosion. These features are also related to occurrence of Maestrichtian outcrops surrounded by Paleocene, not only in the bottom of the valleys but also on the nearby plateau ( Figure 11(D) ). Incised valleys are also clues for interpreting anticlines A4, A7 and A11 ( Figure 13 ).
2) Arc shape in map view
Arc shape in map view; the deep valleys of anticline A2 have an arc shape in map view, centred on the valley ( Figure 13 ). This is true also for deep valleys crossing anticlines A5 and A11. These arc features, which were mentioned on a more general basis by [9] are found in location A24, and may be used to interpret an anticline axis, which would end northward into similar arc-shaped drains. 
Tectonic Lines (Lineaments)
Approach
The lineaments determined from drainage network anomalies but not forming a continuous line in the landscape can be regarded to be related to hidden deep-seated rock discontinuities, but not necessarily [10] . related to any discontinuities affecting the structure in depth, such as folding, important disconformities, changes in thickness of units, changes in tectonic style, etc. The other tectonic lines that can be observed are shorter but directly visible in the landscape. Our approach for identifying fractures is based on the concept that among the numerous more or less rectilinear lines that are found in the imagery (roads, trails, pipe lines, seismic lines, layer traces, valleys, boundaries between rock units, dikes, etc.), the tectonic lines such as joints and faults displace layers or have effects on the drainage system and the morphology. The DEM, radar and optical images are consequently the privileged data that are convenient for studying drainage, morphology, unit boundaries and layer traces. We started the mapping with the SRTM and GDEM shadowed DEMs, and completed our observations with the SAR ERS and ASAR images, and finally the Landsat data. All the fracturing identified corresponds to individual lines observed on the imagery, straight or regularly curved, frequently paralleling each other. Among the lines drawn in (Figure 15 ), those which show scarps, clear International Journal of Geosciences Figure 15 . Three families of faults (and joints?) can be observed both in the Mesozoic-Cenozoic cover, the basement outcropping in the south, and the Miocene basalt in the south-eastern corner of the map. International Journal of Geosciences displacement of layers, drainage anomalies such as structural valleys and sinkhole alignments in the imagery or in the field, are faults. In the special case of the faults also are lines visibly displacing the structural surface of the plateau, at the scale of mapping (1/100,000). The displacements that have to be observed to map faults are sometimes hidden or too small to be sensed, especially from the imagery. We also interpret that such lines of great lengths (more than a few kilometres) characterize fault. The others remain more fractures, most of them being simple joints.
Mapping
The mapping all over the study area has resulted in the identification of a few lineaments, a great number of faults and undifferentiated fractures (Figure 15 ), much more than in previously existing maps, from which however all the faults previously mapped were not identified. In the middle of the plateau, the density of such lines is poor, but on the contrary they are frequent and short in the 
Venues
The volcanic venues in this area are of different types ( Figure 16 ). 
Pull-Apart
Other volcanic venues can be supposed to use open segments along faults, or other tension fractures either of different ages or related to local changes in the stress field [19] . We did not analyse these features.
Sinkholes
Description
What is generally referred to "sinkholes" in the study area? Are flat-bottomed shallow closed depressions that can be found almost everywhere in the Al 
Local Sites
A typical example in the study area is given in (Figure 18 ). The flat bottom is 
Types of Sinkholes
The sinkholes of the region can be divided into three types based on their shapes ( Figure 19 ): Round shaped; Oval shaped; Sharp ended, at least at one end. Most of them, alike sh151 (Figure 18 ), are oval-shaped depressions.
The typical shapes of the example of ( Figure 19 ) are sometimes altered by fluvial erosion, resulting in larger sinkholes such as sinkhole 2 of (Figure 20) . 
Sinkholes (Tension Fractures)
The sinkholes generally, the same way the dolines of karstic regions, are considered to have been generated under very humid climate, mainly by in-depth dissolution and subsequent collapse of limestones or evaporite. It is true that in our study area the sinkholes lie in limestones of late Cretaceous to Paleocene age. However, given the present-day arid climate it should be difficult to find a heavily rainy time interval in the past, necessary to generate dolines by karstic dissolution. The area lacks of other typical karstic features such as lapses on top of layers" surface, caves that should be exposed along the cuestas formed by boundaries of the Cretaceous and Paleocene rocks of the plateau, or simply underground gallery networks. For these reasons it must be envisaged another origin for the sinkholes in this region. Many of the sinkholes in the area of study have a simple oval shape in map view, with the major axe of the ellipse trending NW to WNW and their dimensions are a few kilometres, as is the case for sinkhole 1 ( Figure 21 ). It is interesting to notice that most of the volcanic venues lying in the south-eastern corner of the study area have the same characteristics in shape and dimensions, and they are interpreted in previous at "Volcanism and tectonics" to be related mostly to the opening of tension fractures having given a way up to the magma that has filled the gaps. For reason of similarity, we interpret the sinkholes, or at least most of them, to have a tectonic origin. They may have been generated first as open tension fractures, and subsequently filled by detritic material originated from the surface instead of magmatic material from the depth as is the case in the volcanic area.
Tension fractures, which originally should be straight ( Figure 21 ) may also be tectonically modified to form Z-or S-shaped openings, as is suggested for example respectively by ( Figure 20) and (Figure 22 ). Some sharp-ended sinkholes of the type of (Figure 25 ) can be explained to originally correspond to pull-apart openings along faults, even if the fault expression on the surface is faint. 
Age Determination
2) Tension fractures
Most of the openings in the study area are vertical tension fractures ( Figure   18 ; Figure 21) , spread all over the study area (Figure 26 ). Their distribution seems mainly random, except for the tension fractures aligned in en-echelon patterns. At each vertical tension fracture, the local extension is horizontal, at right angle to the strike of the tension fracture. Altogether these extension trends evidence a homogeneous stress field trending mainly NNE-SSW, which should be also that initiating later the formation of the Hon graben. Compared to the main NW-SE orientation of the Hon graben, it appears that this trough started its evolution by an oblique opening, which is a frequent case for graben [21] .
3) Faults
The major fault family of post-Paleocene age strikes WNW. Other faults strike ESE to ~E (Figure 27 ). Some other faults strike SSE, paralleling the Hon graben, and there are many faults striking ~N, but their trace is generally not straight.
The interpretation of the sinkholes in terms of tension fractures or pull-apart openings is consistent with respectively left-lateral and right-lateral mechanism of fault families. The regional extension is at right angle to the axes of most of the tension fractures ( Figure 26 ). The tension fractures areen-echelon and deformed into S or Z-shapes, respectively along the sinistral WNW-and N-striking or along the dextral E-striking faults. The shapes of pull-apart openings along faults, related to strike-slip movement components, which are consistent with this interpretation; they correspond to left-stepping dog-legs along WNW-SSE or ~N-S faults, and right-stepping dog-legs along E-W faults ( Figure 14 and Figures 23-25 ). All of these features testify to right-lateral movement component along the E-W faults (Figure 25(c) ), conjugate left-lateral movement component along the WNW-ESE faults (Figure 25(f) ).
4) Relationships with Palaeozoic structures
Wadi Hawaz
Straight anomalies in a drainage network are often interpreted to be related to fractures (joints and faults) that, when they appear in a sedimentary rock series and are long distances, may be due to reactivation of deeper major discontinuities. This hypothesis can be tested following the main talwegs and tributaries of Wadi Hawaz (Figure 28 ), which steps down the cuesta from the plateau and ends into dunes covering the basement. Observations along the talweg that successively cross the late Cretaceous-Paleocene layers and the Cambrian Ordovician rocks show the relationships between structures from top to bottom of the series. 
Reactivation of Palaeozoic Faults
Comparing ( Figure 15 ) and (Figure 29) , [21] The style of reactivation however is unclear. According to our observations along wadi Hawaz, few movements had occurred during deposition of the late Cretaceous-Paleocene sediments, over unstable Palaeozoic faults. And these weak lines may have afterwards reacted under effects of the Cenozoic extension. Another possibility, which does not exclude the previous one, is that small movements along the Palaeozoic faults in depth initiating ruptures in the unconformable sedimentary pile. This mechanism may also explain the formation of tension fractures, at random or at the vertical over the deep faults.
1) Folds
The axes directions of anticlines affecting the Cretaceous-Paleocene rocks are also parallel to the main strikes of the Palaeozoic faults. They should be then related in some way to the old structures. However, there is no Cenozoic compression observed in the study area that would be responsible for folding during this time. The folds do not form en-echelon successions, or belts which would indicate a compressional or strike-slip Cenozoic stress field. In a first hypothesis, we suggest that faint tensional Cenozoic deformation, mainly expressed by faults, have induced small vertical relative displacements of blocks, and those which are in horst situation may induce formation of anticlines in the Mesozoic-Cenozoic layers. However, some of the faults bordering these "horst anticlines" should have finally express along the sides of the folds, at least partly. But we did not find such faults along the fold borders. In a second hypothesis, we suggest that the concentration of a large part of the oil and gas in deep trap structures of Palaeozoic age has occurred after the deposition of the late Cretaceous-Paleocene series. As a consequence, this income of oil material, of density lower than the reservoir rocks, may have produced faint uplift of the plateau surface, forming gentle anticlines. This phenomenon can be conceived to be similar to the faint subsidence affecting an oil and gas field during time of extraction.
2) Argument An argument favours the second hypothesis. Anticline A2 has been evidenced by deep valleys (Figure 11 
Conclusions
Remote sensing analysis is an efficient tool for updating geological maps. The 
